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We report on the experimental realization of a state-dependent lattice for a two-orbital fermionic
quantum gas with strong interorbital spin exchange. In our state-dependent lattice, the ground
and metastable excited electronic states of 173Yb take the roles of itinerant and localized magnetic
moments, respectively. Repulsive on-site interactions in conjunction with the tunnel mobility lead to
spin exchange between mobile and localized particles, modeling the coupling term in the well-known
Kondo Hamiltonian. In addition, we find that this exchange process can be tuned resonantly by
varying the on-site confinement. We attribute this to a resonant coupling to center-of-mass excited
bound states of one interorbital scattering channel.
PACS numbers: 34.50.Cx, 37.10.Jk, 67.85.Lm, 75.20.Hr
In many materials, such as transition metal oxides,
electrons exhibit an orbital degree of freedom in addition
to their spin [1]. In these systems, electrons in differ-
ent orbitals give rise to localized and mobile magnetic
moments. Interorbital coupling of theses moments via
spin-exchanging interactions leads to the appearance of
the Kondo effect, heavy fermion physics, or colossal mag-
netoresistance [2–5].
While ultracold fermionic atoms have been successfully
used to realize a large variety of many-body phenomena
[6], two-orbital models such as the Anderson or Kondo
models [2] have so far not been accessible. Alkaline-earth-
like atoms (AEAs), such as ytterbium and strontium,
have been proposed to offer very direct and robust im-
plementations of such systems [7–9], compared to more
complex approaches intended for alkali atoms [10–14].
The two orbitals can be represented by AEAs in the
two lowest-lying states of their electronic spin singlet and
triplet manifold, 1S0 (denoted |g〉) and 3P0 (|e〉). As the
|e〉 state connects to |g〉 only via an ultranarrow clock
transition, it is stable on typical experimental timescales
[15].
Utilizing the different ac polarizabilities of the two
states [16] allows for the creation of state-dependent op-
tical lattices (SDLs) [17, 18]. In contrast to implementa-
tions with alkaline atoms using near-resonant light [19–
21] or field gradient modulation [22], a SDL for AEAs
can be operated at large detuning and low scattering,
and preserves the nuclear spin degree of freedom. The
latter arises because the nuclear spin I is strongly decou-
pled from the electronic states |e〉 and |g〉 [23, 24]. The
strong decoupling also preserves the nuclear spin compo-
sition during s-wave collisions. For isotopes with large
I > 1/2, this can allow for the realization of effective re-
duced spin models with SU(N ≤ 2I+ 1)-symmetric form
[7, 25–28].
In the presence of a lattice potential, an on-site orbital
spin-exchanging interaction emerges in the correspond-
ing single-band Hubbard model [7]. Fermionic 173Yb
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FIG. 1. Schematic of the experimental configuration and the
spin-exchange mechanism. (a) Lattice geometry of isolated
quasi-1D tubes with a longitudinal monochromatic SDL. |g〉
atoms are mobile in a shallow potential (gray) whereas |e〉
atoms are localized in deep lattice wells (red). (b) Interor-
bital spin exchange between |g〉 atoms (blue) and |e〉 atoms
(yellow) on neighboring lattice sites of the SDL consisting of
two tunneling processes. (c) Energies of the repulsively inter-
acting states |+〉, |−〉 (nuclear spin “singlet”, “triplet”), and
a c.m.-excited bound state |+b〉, tunable by on-site confine-
ment. All energies are referenced to a pair of noninteracting
atoms.
(I = 5/2) stands out for the investigation of orbital mag-
netism, due to its strong interorbital spin-exchange in-
teraction. This is a consequence of the unusually large
difference in the scattering lengths a+eg = 1878(37) a0 and
a−eg = 220(2) a0 [29] of atom pairs in symmetric and anti-
symmetric superposition states of |g〉 and |e〉. The result-
ing fundamental exchange coupling is ferromagnetic and
large compared to the Fermi energy, temperature and
intraorbital interactions, both in deep state-independent
potential wells and in free space [23, 30].
Spin-exchanging interactions without a lattice or with-
out a mobile orbital have previously been implemented
in ultracold atom experiments [23, 30, 31]. In the present
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2work, these interactions are combined with orbital state-
dependent mobility. As a result, a second-order spin-
exchange mechanism arises that couples mobile to local-
ized magnetic moments analogous to the Kondo coupling
arising from the single impurity Anderson model. Fur-
thermore, we show that the exchange can be tuned reso-
nantly via the external confinement.
In our experiment, the atoms are confined in an array
of independent quasi-1D traps, created by two perpen-
dicular state-independent lattices operated at the magic
wavelength λm = 759.4 nm [32] [see Fig. 1(a)]. Along
the remaining, longitudinal direction, we superimpose
a state-dependent optical lattice. At our chosen wave-
length of λSDL = 670.0 nm, the ac polarizability of |e〉
atoms is 3.3 times larger than for the |g〉 atoms [33], inde-
pendent of the nuclear spin component mF . We operate
the SDL at intermediate depths, where both states are in
the tight-binding regime. However, the |e〉 atoms are ef-
fectively localized on experimentally relevant timescales
while the |g〉 atoms retain their mobility.
In analogy to the well-known Kondo model, we con-
sider a spin-exchanging collision, where a mobile |g〉 par-
ticle is scattered off a localized |e〉 state moment. In
the tight-binding picture of the state-dependent Hub-
bard model, for two particles initially on separate sites,
this requires tunneling of the |g〉 particle to the |e〉 site
and back, as depicted in Fig. 1(b). In this super-
exchange-like process, the energy of the interacting in-
termediate state depends on the spin configuration of
the two particles. We employ two nuclear spin compo-
nents |↑〉 or |↓〉 (mF = ±5/2) to realize the spin de-
gree of freedom. This can be considered an effective
spin-1/2 system due to the absence of spin-changing pro-
cesses on relevant timescales. Neglecting bound states
of the atom pair, the lowest-energy on-site pair state is
|−〉 = 12 (|eg〉 − |ge〉)(|↑↓〉+ |↓↑〉) with interaction energy
U−, denoted as “spin triplet.” The interaction energy U+
of the state |+〉 = 12 (|eg〉+ |ge〉)(|↑↓〉 − |↓↑〉), denoted by
“spin singlet,” is much larger [see Fig. 1(c)]. With both
energies large compared to the hopping rate tg, the domi-
nant spin-triplet state leads to an effective ferromagnetic
spin-exchange coupling Jex ≈ −t2g/U− < 0.
To probe this spin-exchange process experimentally, we
investigate the spin-equilibration dynamics starting from
a mixture of |e ↓〉 and |g ↑〉 atoms on initially singly occu-
pied lattice sites. The mobility of the ground state atoms
then enables them to reach |e ↓〉 sites, leading to spin-flip
processes |e ↓〉 |g ↑〉 → |e ↑〉 |g ↓〉 described above. For
the initial state preparation, a balanced two-spin (mF =
±5/2) degenerate |g〉 Fermi gas with T ≈ 0.2TF is loaded
into a deep 3D lattice (Vz = 8E
z
rec and V⊥ = 45...50E
⊥
rec)
at a low atom density, such that double occupancy of
sites is substantially suppressed. Here, the longitudinal
(perpendicular) lattice depth Vz (V⊥) is given in units
of the longitudinal (perpendicular) lattice recoil energy
Ezrec/h = 2.57 kHz (E
⊥
rec/h = 2.00 kHz) for |g〉 atoms.
FIG. 2. Spin-exchange dynamics and dependence on perpen-
dicular confinement. (a) The time dependence of the |e ↓〉
(|e ↑〉) population relative to the initial, total |e〉 atom num-
ber is shown as diamonds (circles). Each point is the average
of at least four individual measurements. Data points less
than 0.2h/tg apart are binned to reduce visual clutter. Error
bars indicate the standard error of the mean. (b) Rate of in-
crease of the |e ↑〉 fraction in the |e〉 population, determined
by a linear fit to the short-time dynamics up to one tunneling
time. Error bars indicate the 1σ uncertainties of the fits. All
atom numbers have been extracted from an image area cov-
ering 33% of the atomic cloud size in the center of the trap.
For all measurements, Vz = 5.7E
z
rec.
Applying a magnetic bias field of 20 G allows us to then
selectively transfer the atoms in state |g ↓〉 to |e ↓〉 with
a fast pi pulse on the clock transition, finishing the initial
state preparation.
In order to initiate the spin-exchange dynamics, the
perpendicular magic-wavelength lattice and the longitu-
dinal SDL depth are rapidly lowered to the values of in-
terest, V⊥ and Vz. Simultaneously, the magnetic field is
ramped to a small bias value of 1 G. During a variable
hold time τ , the |g〉 atoms are then free to move longitu-
dinally and interact with stationary |e〉 atoms. Finally,
we image both excited-state spin components separately
to measure the evolution of the spin populations [33].
Figure 2(a) shows the resulting time dependence of the
spin-exchange dynamics in a SDL of intermediate depth
(Vz = 5.7E
z
rec with tunneling rate tg/h = 140 Hz for |g〉
and te/h = 8 Hz for |e〉). In the course of several tunnel-
ing times for the |g〉 atoms, the |e ↑〉 component is popu-
lated through spin exchange and the spin distribution in
both orbitals equilibrates. In Fig. 2(a), the black curve is
attributed to the triplet-state dominated spin-exchange
model described above, and in this particular case we ob-
serve a redistribution on a timescale ∼ h/Jex = 26h/tg.
In contrast to the behavior expected from this model,
we find that the spin-exchange rate can be strongly mod-
ified when choosing certain values of the transverse con-
finement [blue curves in Fig. 2(a)]. This is illustrated
in Fig. 2(b), where a rate is determined with a linear
fit to the initial dynamics of the |e ↑〉 fraction. This
exchange rate is resonantly enhanced with a maximum
3FIG. 3. (a) Normalized |e ↑〉 atom number after hold time
τ ∝ t2g/U . The hold time is chosen such that τ = 2 tg for Vz =
6Ezrec and V⊥ = 30E
⊥
rec. Two resonance branches appear
in the spin-exchange rate as a function of the SDL depth
and perpendicular confinement. Solid gray lines indicate the
predicted resonance position from the anisotropic harmonic
oscillator model (second, third and fourth longitudinal c.m.
excitation from right to left). (b) Cut through the data in
(a) at V⊥ = 35.6E⊥rec (dashed line) show non-normalized |e ↓〉
(diamonds) and |e ↑〉 (circles) atom counts. All atom numbers
are extracted from an image area covering 33% of the atomic
cloud size in the center of the trap.
around V⊥ = 37E⊥rec and displays an asymmetric reso-
nance profile. Figure 2(a) shows that, together with the
enhanced spin-exchange rate, also the loss rate of both
excited-state species is amplified (see the discussion later
in the Letter).
To probe the structure of this spin-exchange resonance,
we map out the resonance position dependence on both
perpendicular as well as longitudinal confinement. In
Fig. 3(a), we show the growing |e ↑〉 fraction after a short
hold time τ ∝ t2g/U . This scaling of τ is motivated by
the super-exchange model for the spin-exchange process.
Varying both confinement strengths, we identify two res-
onance branches in the experimentally accessible param-
eter regime. A cut along V⊥ = 35.6E⊥rec [see Fig. 3(b)]
shows similar properties of the two observed branches.
A spin-exchange coupling that depends on the per-
pendicular confinement due to confinement-induced res-
onances in a quasi-1D system has been proposed in
Ref. [34]. For the achievable lateral confinements in
our system, we can rule out the observation of a 1D
confinement-induced resonance. However, both available
scattering channels are repulsive and therefore feature
bound states below the energy of non-interacting parti-
cles [see Fig. 4 (a)]. Together with the strong longitudinal
confinement dependence of the exchange, this suggests
a confinement-induced resonance effect in the combined
transverse and longitudinal potential. One theory for this
type of effect has been described in Ref. [35], using a set-
ting in which a harmonically localized impurity interacts
with atoms in a quasi-1D potential.
Here, we concentrate on the tight-binding limit where
both orbital states exhibit strong (but different) on-site
confinements. 173Yb features a very shallow bound state
of the a+eg scattering channel with an energy in the range
of a few longitudinal center-of-mass (c.m.) excitation en-
ergies. Therefore, the lowest c.m. excited bound states
can come into resonance with two noninteracting parti-
cles [see Fig. 1(c)]. When this happens at certain combi-
nations of transverse and longitudinal confinement, this
“singlet” bound state |+b〉 of the effective spin-1/2 sys-
tem becomes available as an additional intermediate state
for the spin-exchange process. As the energy of this inter-
mediate state depends on the tunable optical potentials,
the overall process becomes controllable in strength and
should even allow for an antiferromagnetic exchange cou-
pling.
The qualitative behavior of the spin-exchange reso-
nances can be explained by means of a simplified two-
particle model for the strong interorbital interactions in
the presence of a state-dependent confinement. In the
limit of deep lattices, we treat the on-site physics using
harmonic oscillator potentials. While the radial trapping
frequency ω⊥ is the same for the two particles, the longi-
tudinal frequencies ωz,g and ωz,e along the SDL depend
on the orbital e/g.
This setting of anisotropic and mixed confinement for
an eg pair can be approximately mapped to a sum of
effective harmonic oscillator potentials in reduced c.m.
and relative (rel.) coordinates, R = (ρCM, Z) and r =
(ρ, z):
Hˆc.m. = −∇R2/2 +
[
η2ρ2CM + Z
2
]
/2 (1)
Hˆrel. = −∇r2/2 +
[
η2ρ2 + z2
]
/2 + Vint(r). (2)
Moreover, there is a coupling term Hˆmix =
(∆ω2z/ω
2
z)Zz/2 between the rel. and c.m. co-
ordinate with ∆ω2z = ω
2
z,e − ω2z,g caused by the
mixed confinement [36]. Our polarizability ratio of
p = 3.3 for the SDL causes a considerable coupling of
∆ω2z/ω
2
z = 2(p − 1)/(p + 1) ≈ 1. Here, all energies
are given in units of an effective longitudinal trapping
frequency h¯ωz with ω
2
z = (ω
2
z,g + ω
2
z,e)/2, and all
lengths are in units of the corresponding harmonic
oscillator lengths. The ratio η = ω⊥/ωz characterizes
the anisotropy of an individual lattice site and is in the
range 0.7 < η < 2.3. Interactions are modeled by a
regularized contact potential Vint = 4pia
±
egδ(r)
∂
∂r r in the
rel. coordinate where the scattering length depends on
the state |+〉 or |−〉 of the eg pair. For more details on
the model parameters, see Ref. [33].
In a first approximation, we set Hˆmix = 0 and neglect
the trap anharmonicity, such that the rel. and c.m. co-
ordinate of the harmonic oscillator decouple. The prob-
lem can then be solved exactly for arbitrary η [37]. Fig-
ure 4 depicts the relevant parts of the resulting spectrum,
the interacting states in the rel. coordinate Hamiltonian
4a b
FIG. 4. (a) On-site eigenenergies of the spin singlet (green)
and triplet (blue) state, obtained from the harmonic oscilla-
tor model for varying anisotropy η. Solid lines denote states
without c.m. excitation. The c.m. excited singlet bound
states (dashed lines) come into resonance with the zero-point
energy of noninteracting particles (dash-dotted line). One res-
onance (black circle) occurs for fixed Vz = 6E
z
rec in our avail-
able range of V⊥ (gray area). (b) Spin-exchange resonance
shape from the state-dependent double-well model: expecta-
tion value of the |e ↑〉 fraction after evolution from the initial
state |e ↓〉L |g ↑〉R for a time 2h/tg and varying V⊥ around
the resonance indicated in (a). The resonance width depends
on the coupling strength tb into |+b〉. Coherent oscillations
from resonant coupling close to the resonance center are not
shown for visual clarity.
(solid lines) as well as the lowest c.m. excitations (dashed
lines) of |+b〉. All energies are shown relative to the zero-
point energy E0 = (2η+1)h¯ωz of the noninteracting har-
monic oscillator which we use as the entrance energy of
the scattering process starting with two particles on sep-
arate sites. The spin-singlet bound state |+b〉 is loosely
bound and the lowest c.m. excitations can be resonant
with E0, as shown in Fig. 4 (a). For a fixed longitudi-
nal confinement Vz, several resonances occur as a func-
tion of η, varied by modifying the transverse confinement
ω⊥. Overlaying the zero-crossing positions (gray lines)
with our experimental data in Fig. 3, we find that the
resonances caused by the longitudinal c.m. excitations
roughly match the functional dependence of the observed
spin-exchange resonances. The validity of the harmonic
oscillator model is improved with the SDL depth and for
lower c.m. excitations. Indeed, for the branch with two
c.m. excitations, also the position of the resonance is
approximately reproduced.
An effect of the resonant singlet channel on the spin-
exchange coupling requires a finite coupling tb for the
process of a |g〉 atom tunneling to a neighboring site and
forming a c.m.-excited bound state with an |e〉 atom.
This coupling should be enhanced through the on-site
c.m.-rel. motion coupling.
The total spin-exchange coupling Jex for a given con-
finement results from the combined effect of all available
exchange channels. In particular, for configurations in
which the bound singlet channel provides the largest con-
tribution to the exchange, the resulting effective Jex can
even switch sign between ferro- and antiferromagnetic
exchange coupling.
To investigate the influence of the off-site bound state
coupling, we consider a double-well model with two par-
ticles that incorporates the on-site interactions discussed
above, as well as the mobility of the |g〉 atoms [33]. Fig-
ure 4(b) shows the expectation value of finding an |e ↑〉
atom after letting an initial state |e ↓〉L |g ↑〉R on the two
sites (L,R) of the double well coherently evolve for a
time 2h/tg. If the c.m.-excited bound state |+b〉 is ne-
glected (tb = 0, solid line), tuning of the perpendicular
confinement induces only weak variations in the dynam-
ics, which are then dominated by the spin triplet |−〉 in-
termediate state. In contrast, for finite couplings tb > 0,
a resonance in the spin exchange occurs, caused by the
intermediate state |+b〉. The width of the resonance be-
comes comparable to the one observed experimentally in
Fig. 2 for tb on the order of tg. Also, the asymmetry with
a steep flank on the side of low V⊥ is reproduced. In the
model, it is caused by the competition of ferromagnetic
and antiferromagnetic coupling, leading to a zero crossing
of the effective spin-exchange coupling, with an antifer-
romagnetic sign of the effective coupling term between
the resonance and the minimum position in Fig. 4(b).
Despite the qualitative agreement, the two-particle
model is not suited to fully describe the dynamics in
our experiment for configurations close to the scatter-
ing resonances. First, the description does not include
the loss of atoms, as observed in Fig. 2(a). The resonant
structure of the loss feature implies that it is related to
the coupling to c.m.-excited eg pairs. For example, col-
lisions with additional mobile particles could lead to the
relaxation of these shallow bound states into more deeply
bound molecular states, or to the deexcitation of the c.m.
motion, inducing particle loss from the trap. However, we
observe that relative to the |g〉-population loss, |e〉 loss is
significantly more pronounced than expected for a simple
eg-pair process [33]. Clearly, the loss feature is detrimen-
tal to the stability very close to the resonances in the cur-
rent configuration. These areas of the parameter space
will need to be avoided for many-body physics implemen-
tations without further modifications. A more detailed
model including such processes could help to minimize
the effect.
Second, the nature of the coupling between c.m. and
rel. motion is treated only on a simplified level. In partic-
ular, a more complete model of the coupling should lead
to avoided crossings between the eigenenergy branches,
affecting the resulting resonance positions. A precise nu-
merical treatment of the optical lattice Hamiltonian, sim-
ilar to Ref. [38], would be required to determine more
exact values for the effective Hubbard parameters.
In conclusion, we have implemented a two-orbital lat-
tice system with both mobile and localized orbital. In-
terorbital spin exchange between the mobile and localized
5moments is observed in this configuration. The orbital
lattice implementation is general for all AEA systems for
a suitable choice of lattice wavelength. With appropriate
filling factors of localized spins, it can be used for the re-
alization of both Kondo- and Kondo lattice-type models
[7]. The spin-exchange coupling can be widely tuned in
the vicinity of bound state resonances, in particular due
to the large scattering length a+eg of
173Yb. Our novel
tuning mechanism as well as previously proposed schemes
[7, 39] rely on optical potentials for rapidly modifying the
exchange coupling. This is advantageous for the inves-
tigation of nonequilibrium spin dynamics [40, 41]. The
SDL and the tuning implementation work independently
of the nuclear spin, and both are expected to preserve the
SU(N) symmetry of the interactions. Using more than
two nuclear spin components of 173Yb in the SDL could
directly enable the realization of the Coqblin-Schrieffer
model [2, 7, 42, 43].
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7Supplemental Material
EXPERIMENT SEQUENCE DETAILS
The ratio p of the AC-polarizabilities of |e〉- and |g〉-atoms in the state-dependent lattice (SDL), and thereby of the
lattice potential depths, has been determined by means of independent parametric heating of both species in deep
lattice systems. At a wavelength of 670.0 nm, we obtain p = 3.3(1), in agreement with the theoretical prediction in
[1]. For the lattice depth range of Vz = (3...8)E
z
rec used in the experiment, this results in a bandwidth range of (1.2
... 0.3)h kHz and (0.22 ... 0.01)h kHz for |g〉 and |e〉, respectively.
One of the two perpendicular, magic-wavelength lattice beams ensures Lamb-Dicke conditions for the coaligned
578.4 nm excitation beam for the clock transition.
We expect and have verified experimentally that, in the limit of strong perpendicular confinement, the position of
the spin-exchange resonances only depends on the geometric mean of the individual perpendicular lattice depths Vx
and Vy. Thus, the perpendicular lattice depth provided in the main text is obtained through V⊥ =
√
VxVy. The
measurements have been performed with a tiny anisotropy of 1.7% in the perpendicular trapping frequencies. This is
due to a small mismatch in the experimental calibration of the perpendicular lattice depths Vx and Vy, determined
in an independent measurement.
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FIG. S1. Schematic of experiment sequence after mixture of |g ↑〉- and |g ↓〉-atoms is loaded into the state-dependent optical
lattice.
The degenerate, balanced mixture of |g ↑〉- and |g ↓〉-atoms is prepared by optical pumping into the nuclear spin
components mF = ±5/2 and subsequent evaporative cooling in a crossed optical dipole trap. In order to prepare
singly occupied lattice sites with either |e ↓〉 or |g ↑〉-atoms, we first load the two-spin |g〉-mixture with relatively
low atom numbers of N = 3.3 × 103 per spin state into a 3D lattice (V⊥ = 45...50E⊥rec and Vz = 8Ezrec). We
estimate an average filling of around 21 atoms per tube. The repulsively interacting fermions in the lattice suppress
double occupancies. We verify this experimentally via clock-line spectroscopy on the initial state, showing no peaks
attributable to interacting states.
A schematic overview of the experimental sequence driving the spin-exchange dynamics is shown in Fig. S1. The
transfer of |g ↓〉 to |e ↓〉 is done by a pi-pulse on the clock transition. A magnetic field of 20 G provides enough Zeeman
splitting to address the two spin states separately. It also suppresses undesired spin-exchange dynamics during the
state preparation. Also, the mobility of the |g〉-atoms is reduced by the deep SDL, with a hopping rate of tg/h ∼ 80 Hz.
The pi-pulse is performed at high intensities (at Rabi frequencies of Ω = 2pi · 2.0 kHz) to compensate for spatially
varying light shifts of the clock transition due to the harmonic confinement of the SDL beam.
To initiate the spin-exchange dynamics, the magnetic field is rapidly lowered to a small bias value of B = 1 G
immediately after the excitation pulse. The field is high enough to preserve the nuclear spin quantization axis while
8at the same time inducing only small Zeeman energies (h · 275 Hz) compared to the on-site interaction energies (e.g.,
U− = h · 3.7 kHz for V⊥ = 30E⊥rec and Vz = 6Ezrec). Simultaneously, the magic-wavelength lattice and the SDL are
ramped, within 1 ms, to the values V⊥ and Vz, defining the confinement during a variable spin-exchange hold time τ .
Before separately imaging both excited-state spin components, we image both ground-state spin components by
means of a high-intensity imaging pulse. This allows us to count the |g〉-atoms and also sets a well-defined end point
for the spin-exchange dynamics. We also ramp the lattice depth up again (1 ms ramp time) in order to suppress
further tunneling dynamics during the imaging of |e〉-atoms. To image the |e ↑〉-atoms, we first ramp the magnetic
field back up to 20 G (10 ms ramp time), spin-selectively deexcite to the ground-state with a pi-pulse and quench the
field back to 1 G. By imaging the deexcited |e ↑〉-atoms they are also removed from the lattice. This procedure is
repeated analogously for the |e ↓〉-atoms. Overall, we are able to count the |g〉, |e ↑〉 and |e ↓〉 atom numbers in a
single experimental realization.
LIFETIME IN THE SDL
The enhanced spin-exchange rate on the resonance branches observed in the main text is accompanied by amplified
atom losses from the trap. A linear fit to the short-time dynamics, up to one tunneling time h/tg in Fig. 2, yields a
maximum initial loss rate of 52 Hz for the |e〉-atoms and 6 Hz for the |g〉-atoms. This indicates that the loss is not
entirely caused by an |e〉-|g〉-symmetric process.
In an independent measurement, the pure |e〉-atom losses are quantified. Therefore, a balanced |e ↑〉-|e ↓〉-mixture is
prepared at densities comparable to the spin-exchange measurements in the main text. The |e〉-atoms are held in the
same lattice configuration as the eg-mixture in Fig. 2(a) (black curve) of the main text (Vz = 5.7E
z
rec, V⊥ = 30.5E
⊥
rec).
After a time of 10h/tg, only 6% of the |e〉-atoms are lost, compared to 35% in the eg-mixture in Fig. 2(a).
On longer timescales, the |e〉-lifetime in our experiment is limited by vacuum losses and repumping to |g〉 by the
magic-wavelength as well as state-dependent lattice light. By holding a spin-polarized sample in a 3D isotropic magic-
wavelength lattice (30Erec depth), we measure a loss rate of 28 mHz induced by vacuum background collisions and
an optical repumping rate of 175 mHz to the ground state, induced by the magic-wavelength light.
FIG. S2. Losses due to repumping by lattice light and background collisions in a 3D lattice: Atom numbers in |e〉 (circles)
and |g〉 (diamonds) for varying hold time in the 30Erec isotropic magic-wavelength lattice (blue) and in the 5.8Ezrec SDL with
45Erec perpendicular magic-wavelength confinement (green). Error bars indicate the standard error of the mean. Solid and
dashed lines represent fits of the one-body rate equation for the coupled |e〉-|g〉 decay dynamics.
The longitudinal SDL at a lattice depth of 5.8Ezrec adds an additional repumping rate of 147 mHz for the |e〉-atoms.
This rate was obtained by fitting a rate equation that includes all single-particle loss processes to the |e〉 and |g〉
atom counts (see Fig. S2). By using 45Erec deep perpendicular magic-wavelength lattices in addition to the SDL, the
total magic-wavelength light power was maintained compared to the previous measurement. The overall lifetime of
a spin-polarized |e〉-sample is 2.8 s for the lattice configuration specified above, exceeding the experimentally relevant
time scales in the main text.
9TWO PARTICLES IN MIXED ANISOTROPIC CONFINEMENT
In order to estimate the on-site energies in the state-dependent lattice, we treat the lattice sites as independent
harmonic oscillators. We consider one |e〉-atom and one |g〉-atom trapped in a mixed confinement, interacting via
the regularized contact potential Vint = 4pia
±
egδ(r)
∂
∂r r. While the radial trapping frequency ω⊥ (along the magic) is
the same for the two particles, the longitudinal frequencies ωz,e and ωz,g (along the SDL) depend on the electronic
orbital. The total Hamiltonian in cylindrical coordinates (ρe/g, ze/g) is
Hˆ = − h¯
2
2m
[∇2g +∇2e]+ m2 [ω2⊥ (ρ2g + ρ2e)+ ω2z,gz2g + ω2z,ez2e]+ Vint(rg − re). (S.1)
Let us now use center-of-mass (c.m.) and relative (rel.) coordinates R = (rg + re)/2 and r = rg − re. One obtains
∇2g +∇2e = ∇R2/2 + 2∇r2, ρ2g + ρ2e = 2ρ2c.m. + ρ2/2, zg = Z + z/2 and ze = Z − z/2. The Hamiltonian becomes
Hˆ = Hˆc.m. + Hˆrel. + Hˆmix,
Hˆc.m. = − h¯
2
2(2m)
∇R2 + 2m
2
[
ω2⊥ρ
2
c.m. + ω¯
2
zZ
2
]
,
Hˆrel. = − h¯
2
2(m/2)
∇r2 + m/2
2
[
ω2⊥ρ
2 + ω¯2zz
2
]
+ Vint(r),
Hˆmix =
m
2
Zz∆ω2,
with an effective longitudinal trapping frequency ω¯2z = (ω
2
z,g + ω
2
z,e)/2. The harmonic oscillators in the rel. and c.m.
coordinate are coupled by a mixing term Hˆmix proportional to ∆ω
2 = ω2z,e−ω2z,g. In the main text, we use the energy
unit h¯ω¯z, relative coordinate length unit ` =
√
h¯/µω¯z (with µ = m/2 the reduced mass) and c.m. coordinate length
unit L =
√
h¯/Mω¯z (with M = 2m the combined mass for the c.m.):
Hˆc.m. = −∇R2/2 +
[
η2ρ2c.m. + Z
2
]
/2
Hˆrel. = −∇r2/2 +
[
η2ρ2 + z2
]
/2 + Vint(r)
Hˆmix =
1
2
∆ω2
ω¯2z
Zz,
where η = ω⊥/ω¯z is the anisotropy parameter of the on-site confinement.
For the prediction of the spin-exchange resonance locations in Fig. 3 and Fig. 4 of the main text, we neglect all
coupling terms between c.m. and rel. coordinates. Then, the c.m. problem is simply a non-interacting 3D harmonic
oscillator with eigenenergies Ec.m. = (η + 1/2) + nz + n⊥ η. Here, nz and n⊥ are the number of longitudinal and
perpendicular band excitations. Concerning the relative motion, the problem can be solved exactly, as in [2]. States
of the 3D harmonic oscillator with angular momentum l 6= 0 do not see the contact interaction potential. For states
with l = 0, the energy of the relative motion part is Erel. = η + 1/2 + , with
F(−/2; η) = 1/a, F(x; η) = − 1√
pi
∫ ∞
0
dt
[
ηe−xt
(1− e−tη)√1− e−t −
1
t3/2
]
.
The above integral only converges for x > 0. Yet, the following recursive formula can be used for negative values:
F(x+ η; η)−F(x; η) = 1√
pi
∫ ∞
0
dt
ηe−xt√
1− e−t =
ηΓ(x)
Γ(x+ 1/2)
.
To fully treat the on-site interactions, one would need to take into account corrections from the anharmonic part
of the lattice potential and the coupling term from the mixed confinement.
MODEL FOR SPIN-EXCHANGE TUNABILITY
As a model system for the two-particle spin-exchange dynamics, we consider two particles on two lattice sites
(sites L,R in a double well) of the state-dependent lattice. One particle is in the excited state |e〉, the other one
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is in the ground state |g〉. They can have different spins |↑〉 or |↓〉. The |e〉-particle is localized on one of the two
sites (site L). The |g〉-particle can hop between the two sites with tunnel coupling tg. Initially, the two particles
are prepared on different lattice sites, with a spatial wave function |C〉. A spin-exchange process can then only be
mediated by tunneling of |g〉-atoms. In contrast, the on-site spin-exchange coupling for doubly occupied sites is given
as Vex = (U
+ − U−)/2 > 0 [3, 4].
Considering only the typical lowest-band Hubbard parameters, the interorbital interaction strengths U− and U+
for the spin-triplet and spin-singlet interaction channels are both positive and large compared to the hopping rate tg.
For our experiment, this is true everywhere in the tight-binding regime for both interaction channels. In the sampled
range of Vz = (3...8)E
z
rec, we obtain 4tg/U
− = (0.52...0.10) at V⊥ = 30E⊥rec. Spin exchange then happens only via a
virtual process and the effective coupling scales as J−ex ∝ t2g/U . Mainly, the lower-energy spin triplet contributes to
the exchange process, leading to a ferromagnetic coupling
Jex = −
t2g
U−
+
t2g
U+
≈ − t
2
g
U−
< 0 (S.2)
in the low-energy limit.
As explained in the main text and Sec. , we expect a coupling of c.m. and rel. motion that can lead to two particles
on separate sites coupling into a c.m.-exited on-site bound state. The on-site c.m. excitation is then labeled by |B〉.
The tunnel coupling from neighboring sites into that state is defined as tb.
If two particles tunnel onto the same site (L) and go into an on-site wave function |A〉 without c.m. excitation,
the possible interaction channels are U− and U+, depending on whether they are in the spin triplet |−〉 = 12 (|ge〉 −|eg〉)(|↑↓〉+ |↓↑〉) |A〉 or spin singlet |+〉 = 12 (|ge〉+ |eg〉)(|↑↓〉 − |↓↑〉) |A〉.
If two particles tunnel onto the same site while acquiring a band excitation into |B〉, they will dominantly interact
via a c.m.-excited, spin singlet/triplet bound state close to the entrance energy, as described in he main text. The total
on-site energy, considering also the c.m. excitation, is then U±b for the states |±b〉 = 12 (|ge〉 ± |eg〉)(|↑↓〉 ∓ |↓↑〉) |B〉.
The interaction energies U± and U±b are from the on-site interaction model in Sec. .
The corresponding Hamiltonian is:
H =− tg
∑
σ (|g, σ〉 |A〉 〈C| 〈g, σ|+ h.c.)
− tb
∑
σ (|g, σ〉 |B〉 〈C| 〈g, σ|+ h.c.)
+ U− |−〉 〈−|+ U+ |+〉 〈+|
+ U+b |+b〉 〈+b|+ U−b |−b〉 〈−b| .
In order to study the effect of bound-state coupling onto the spin-exchange dynamics, study the time evolution
of the Hamiltonian. For computation we use a product state basis. With internal states |orbital, spin〉 and the
spatial wave function |A/B/C〉, the relevant two-particle basis states are |e, ↑〉 |g, ↓〉 |A〉, |e, ↓〉 |g, ↑〉 |A〉, |e, ↑〉 |g, ↓〉 |B〉,
|e, ↓〉 |g, ↑〉 |B〉, |e, ↑〉 |g, ↓〉 |C〉 and |e, ↓〉 |g, ↑〉 |C〉 (we omit the trivial fermionization). In this basis, the two-site model
has the following form:
Hˆ =

U−+U+
2
U−−U+
2 0 0 −tg 0
U−−U+
2
U−+U+
2 0 0 0 −tg
0 0
U−
b
+U+
b
2
U−
b
−U+
b
2 −tb 0
0 0
U−
b
−U+
b
2
U−
b
+U+
b
2 0 −tb−tg 0 −tb 0 0 0
0 −tg 0 −tb 0 0

. (S.3)
Fig. S3(a) depicts the coherent spin-exchange dynamics happening in the double-well model for different confine-
ments at a finite coupling strength into the c.m.-excited bound state. The data is centered around the energetic
resonance of the second c.m. excitation of the bound spin-singlet state |+b〉 with the entrance energy E0. The |e ↑〉-
state is repopulated through spin-exchange with a rate that shows a resonance structure in the confinement similar
to the one observed experimentally (see main text). In Fig. S3(b), the influence of the coupling strength on the width
of the resonance is illustrated. On the low-confinement side of the resonance, the contributions of the intermediate
states |+b〉 and |−〉 to the effective spin-exchange coupling cancel and lead to a zero in the exchange rate.
This model is based on the decoupled harmonic-oscillator provided in Sec. and therefore does not incorporate
on-site coupling between c.m. and rel. coordinate, potentially leading to further coupling terms and energetic shifts
of the Hubbard parameters.
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FIG. S3. Spin-exchange dynamics from state-dependent double-well model (sites L,R): (a) Expectation value of repopulated
e ↑-fraction after initial state |e ↓〉L |g ↑〉R is held for τ at coupling strength tb = 0.7tg and different perpendicular confinements.
Around the resonance position (solid red line), where |+b〉 comes into resonance with the entrance energy E0 of two particles on
different sites, fast coherent oscillations with frequency ∼ tb occur. (b) Dependence of the dynamics on the coupling strength
tb of the initial state into the c.m.-excited singlet bound state |+b〉. Confinement dependent expectation value of repopulated
|e ↑〉-fraction after a short hold time τ = 2h/tg.
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